Hand, foot, and mouth disease (HFMD), caused by enteroviruses, is an acute contagious disease in children. Some severe infections caused by human enterovirus 71 (HEV71) lead to rapid death in children with acute heart failure (HF). N-terminal probrain natriuretic peptide (NT-proBNP) is an important indicator of HF; however, its normal reference values in children and role in HFMD remain unclear.
Introduction
Hand, foot, and mouth disease (HFMD) is an acute infection caused by enteroviruses. Severe HFMD is associated with human enterovirus 71 (HEV71). [1] In 2010, the largest recorded outbreak of HEV71-associated HFMD occurred in China, comprising more than 1.7 million cases (27,000 patients exhibited severe neurological complications and 905 patients died). [2] Hunan province in the central-south region of China was one of the hardest-hit regions. According to the data from the Hunan Provincial Center for Disease Control (CDC), there were 189,382 HFMD cases in Hunan in 2012, including 98 deaths while the population is 66,390,000, and the mortality was ranked third among a total of 33 provinces around the country. [3] HFMD is still prevalent in recent years. Severe HFMD develops quickly in the HEV71-invaded brain stem, causing neuronal heart failure (HF) and pulmonary edema, and the patients die in 1 to 2 days. Therefore, it is critical to screen out severe HFMD in children and intervene as early as possible. This is also key to reduce HFMD-associated morbidity. Patients with severe HFMD are usually aged <3 years. It may be related to immature and poor immune system of infants.
NT-proBNP is a neurohormone secreted by the ventricles predominantly. Patients with congestive or acute HF exhibit high plasma concentrations of NT-proBNP. [4] [5] [6] It is synthesized in the heart due to the activation of cardiac wall distension and stretching and neurohormonal activation. Cardiomyocytes synthesize a pre-propeptide preproBNP with 134 amino acids, which is split into a signal peptide and a propeptide (proBNP with 108 amino acids). During secretion from the cardiomyocytes, proBNP is split in a ratio of 1:1 into a physiologically active C-terminal fragment BNP (with 32 amino acids) and a biologically inactive N-terminal fragment NT-proBNP (with 76 amino acids). [7] NT-proBNP has a longer half-life than BNP in the blood, can be detected in the plasma and serum, and is stable at room temperature. [8] It was advocated as a beneficial biomarker for evaluating HF by the American Association for Clinical Chemistry in 2007. [9] However, reference values of NT-proBNP in Chinese children are not available. A few studies have reported the use of serum NT-proBNP for diagnosing severe HFMD with the risk of HF. Therefore, this study aimed to establish the reference range of NT-proBNP in Chinese healthy children aged 0 to 18 years. It investigated the diagnostic standard of serum NT-proBNP in patients with severe HFMD by comparing the levels of cardiac troponin I (cTnI), creatine kinase-MB (CKMB), and NT-proBNP and the results of bedside echocardiogram in 392 children with HFMD. The purpose of the study was to improve the early diagnostic and prognostic rates of severe HFMD and decrease the mortality.
Methods

Healthy children
A total of 1031 healthy children were randomly selected at the Children Health Care Institute of Hunan Children' Hospital from August 2013 to September 2015. Medical examinations and liver function, renal function, heart function (myocardial enzymes), and routine blood tests were normal for all children. The children were divided into 7 groups: neonatal period (0 to <1 month), infant period (1 month to <1 year), toddler period (1 year to <4 years), preschool age (4 years to <7 years), early school-age (7 years to <10 years), middle school-age (10 years to <13 years), and adolescence (13 years to <18 years). All the participants were explained about the process, risks, and benefits of the study, and they signed an informed consent form. This study was approved by the ethics committee of Hunan Children's hospital.
Children with HFMD
A total of 392 children with HFMD were enrolled in this study, who visited and were hospitalized at the Department of Infectious Diseases and Intensive Care Unit of Hunan Children' Hospital from August 2013 to October 2015. Children with HFMD having congenital heart disease, kidney disease, or cardiopulmonary function damage caused by the infection of Epstein-Barr virus, influenza virus, and respiratory syncytial virus were excluded from the study. All the patients were diagnosed as serologically HEV71 positive. Age ranged from 8 months to 5 years. Five stages of HFMD were confirmed according to the Expert Consensus on Clinical Treatment in Severe Enterovirus 71 Infection (2011 edition) issued by the China Ministry of Health. The 5 groups were as follows: 100 cases of rash period (first stage), 120 cases of nervous system involvement (second stage), 100 cases of early cardiorespiratory failure (third stage), 72 cases of cardiorespiratory failure (fourth stage), and 103 cases of recovery (fifth stage, 58 cases from the third stage and 45 cases from the fourth stage). A total of 200 healthy children in the control group came from 1031 healthy children in the community (age, 8 months to 5 years). No significant difference was observed in age and sex between the control and HFMD groups. All the children and their families were informed about the research contents, risks, and benefits, and they signed an informed consent form.
Measures
The recovery group underwent the serum assay of NT-proBNP, cTnI, and CK-MB and echocardiogram examination again in the recovery stage. Further, 42 cases in the third stage and 15 cases in the fourth stage did not undergo the examinations because their parents did not allow for the same. Twelve death cases (6 boys and 6 girls in the fourth stage) were reported due to treatment failure. The second stage is a severe stage of HFMD, and most cases in this stage can be cured. High risks of death occur in the third and fourth stages of HFMD.
Serum assay of NT-proBNP, cTnI, and CK-MB
Venous blood (2 mL) was collected from each participant of the control and HFMD groups in separation gel coagulation promoting tubes made in China.
The levels of serum NT-proBNP and cTnI were detected using a VIDAS fluorescence immunoassay analyzer (bioMérieux). NTproBNP and cTnI reagents were also produced by the same company. The quality control of NT-proBNP was performed every day. It took about 25 minutes to finish the whole test process from adding serum to achieving outcomes; the tests were strictly performed according to the established protocols. The analytical measurement range of serum NT-proBNP and cTnI was 20 to 25,000 pg/mL and 0.01 to 32 mg/mL, respectively. The measurement range of serum CK-MB was 2 to 500 U/L (Siemens Bayer 2400 biochemical analyzer); all the results were obtained in 3 hour.
Cardiac function examination
Echocardiography (ECG) examinations were performed immediately when the patients with HFMD reached the hospital. The US GE Vividi color ultrasonic diagnostic instrument with an S3 RS probe and a frequency of 1.7 to 3.4 MHz was used to complete all examinations in 30 minutes. Ultrasound technicians who were unaware of the experiments executed all the checkups. Left ventricular end-diastolic diameter resulting from the left ventricular long axis was measured by heart ultrasonography. The improved Simpson method was used to measure left ventricular end-diastolic volume index (LVEDVD) and left ventricular end systolic volume index (LVESVD). Subsequently, the left ventricular ejection fraction (LVEF) was calculated as follows:
Statistical analysis
SPSS16.0 statistical analysis package (SPSS, IL) was used for data processing and statistical analysis. The serum NT-proBNP levels were expressed as median and interquartile range (IQR). The IQR was the interval from P2.5 to P97.5 (2.5th to 97.5th percentiles) according to different age groups. The Pearson correlation analysis was used to investigate the correlation between serum NT-proBNP levels and age of 1031 healthy children (0-18 years), and the Spearman correlation analysis was used to investigate the correlation between serum cardiac 
Results
Relationship between NT-proBNP levels and age in healthy children
The Pearson correlation analysis demonstrated that the serum NT-proBNP levels were negatively correlated with the age of 1031 healthy children. The levels decreased with age in healthy children (r = -0.230, P < .05) (Fig. 1 ).
3.2. Median (2.5th-97.5th percentiles) NT-proBNP levels in healthy children aged 0 to 18 years
The serum NT-proBNP levels in the newborn group aged 0 to <1 month (n = 80) was 250 to 3987 pg/mL. The median was 1360 pg/ mL, which was significantly higher than that in other age groups (P < .01) (Fig. 2 ).
Median (2.5th-97.5th percentiles) NT-proBNP levels of different sex in healthy children aged 0 to 18 years
The results of t test showed no significant difference in the serum NT-proBNP level of different sexes, although the median NT-proBNP level of baby boys (1669.5 pg/mL) seemed to be higher than that of baby girls (1270.5 pg/mL) in the newborn group (P = .422) (Fig. 3) . A total of 392 children with HFMD were enrolled in the study. Detections were conducted 495 times, which included 100 times for the first stage, 120 times for the second stage, 100 times for the third stage, 72 times for the fourth stage, and 103 times for the fifth stage. Each detection included the levels of serum NTproBNP, cTnI, and CK-MB and the echocardiographic LVEF value. The control group comprised 200 healthy children (aged 6 months to 5 years); the age matched the age of children with HFMD (Table 1) .
Spearman correlation analysis of serum cardiac function indicator and LVEF
The results of Spearman statistical analysis showed that NTproBNP levels were negatively correlated with LVEF (r = -0.95, P < .05). The increase in serum NT-proBNP level was associated with the worsening of HFMD, but the levels of cTnI and CK-MB showed no correlation with LVEF. The results are shown in Table 2 .
ROC curves of the NT-proBNP levels
An ROC analysis was conducted to examine the diagnostic utility of NT-proBNP levels for distinguishing between mild HFMD (first and second stages), severe HFMD, and deceased groups. Differences were considered to be significant for the third stage of HFMD (early cardiorespiratory) and above (Fig. 4A) , fourth stage of HFMD (cardiorespiratory failure) and above (Fig. 4B) , and deceased group with severe HFMD (Fig. 4C ) (P < .05). The cutoff value was 400, 1500, and 5000 pg/mL, respectively. The area under the ROC curve, sensitivity, and specificity were 0.92, 92.00%, and 80.49%, respectively, for the third stage (Fig. 4A) ; and 0.93, 93.18%, and 78.26%, respectively, for the fourth stage (Fig. 4B) .
Further, 12 of 72 children with severe HFMD complicated with HF (the fourth stage) died. The median (P25, P75) serum NT-proBNP level of the deceased group was 5850 pg/mL (5030, 14,660). The ROC curve showed that the serum NT-proBNP level was 5000 pg/mL in the deceased group with severe HFMD. The area under the ROC curve, sensitivity, and specificity were 0.89, 91.67%, and 80.00%, respectively, for the deceased group (Fig. 4C ).
Discussion
Several studies explored the normal reference values of serum NT-proBNP, but satisfactory results were not achieved. The NTproBNP reference values in children are quite different from those Table 1 Median (25th-75th percentiles) NT-proBNP levels and LVEF of patients with different HFMD stages. 
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The cTnI level was recorded as 0.01 ng/mL when it was actually <0.01 ng/mL. Similarly, the NT-proBNP level was recorded as 20 pg/mL when it was actually <20 pg/mL. CKMB = creatine phosphokinase isoenzyme, CTnI = cardiac troponin I, LVEF = left ventricular ejection, NT-proBNP = N-terminal probrain natriuretic peptide. [10] performed a study on 2285 subjects and showed that the NT-proBNP reference values were 42.5 to 106.4 pg/mL in men and 111.0 to 215.9 pg/mL in women (median age 38 years , 56% women, [P2.5, P97.5]). Sugimoto et al [11] reported the normal reference values of serum NT-proBNP in 232 healthy children aged 4 months to 14 years. Schwachtgen et al [12] reported that the median NT-proBNP reference value in children aged 0 to 10 years, 10 to 13 years, and 13 to 18 years was 173.6, 118.5, and 61.1 pg/mL, respectively. Nir et al [13] reported that the neonatal serum NT-proBNP level was the highest at birth, but decreased a week or a few weeks later. The premature serum level of NT-proBNP was 530 to 3220 pg/mL, 490 to 2740 pg/mL, and 373 to 1863 pg/mL 1 day, 3 days, and 7 days after birth, respectively. The findings of all these studies provided evidence for the application of NT-proBNP in children, but they still had shortcomings, such as small sample size and imperfect age classification system. Most importantly, the study subjects were not Chinese children. The present study could effectively address the aforementioned limitations. The median (reference range) NT-proBNP value of different age groups, including neonatal period (0 to <1 month), infant period (1 month to <1 year), toddler period (1 year to <4 years), preschool age (4 years to <7 years), early school-age (7 years to <10 years), middle school-age (10 years to <13 years), and adolescence (13 years The NT-proBNP levels slightly decreased with age from infancy to adolescence in healthy children. The results of this study showed that the serum NT-proBNP levels were negatively correlated with the age of children (0-18 years) (r = -0.230, P < .05). Different age groups require different NT-proBNP reference values.
The serum NT-proBNP levels in the healthy neonatal group were higher than those in other age groups. The levels decreased gradually with the increase in days of birth. The reasons for this physiologic fluctuation in the levels are still unclear. It is hypothesized that the removal of placenta, and thereby significant redistribution of blood volume to the heart, causes a volume overload and an increase in the afterload at the same time. A rapid increase in pulmonary blood flow with lung expansion further adds to the stimulus. Finally, renal immaturity may contribute to the decreased clearance of NT-proBNP during the first week of life. As a result, the NT-proBNP levels are significantly elevated in newborns and drop rapidly over the first 2 weeks of life. The NT-proBNP levels of boys and girls were not significantly different (P > .05). Moreover, they were not the same as those of adults. Some studies reported that NT-proBNP levels were influenced by sex. [14] [15] [16] [17] [18] [19] Because androgens suppress BNP secretion, the NT-proBNP reference values are lower in men than in women. However, the effects of androgens are not significant in children. [20] No sex-related differences were found in the present study.
A total of 392 children with HFMD and 1031 healthy children were enrolled in this study. In the present study, cTnI and CK-MB were not apparently elevated in the first stage (HFMD rash group), second stage (nervous system involvement group), and third stage (cardiorespiratory failure group). However, the NTproBNP levels were significantly elevated in the third stage (the phase of early HF in HFMD with a median of 921 pg/mL) and in the fourth stage (the phase of HF in HFMD with a median of 5185 pg/mL). They did not significantly increase with a median of 55 pg/mL in the second stage-the phase of nervous system involvement. The results showed that HF, not myocarditis, occurred in the early stage of HFMD in patients. cTnI is found in cardiomyocytes because it is an acknowledged marker for myocardial injury. If a myocardial injury occurs, cTnI is released steadily and slowly from the structural protein of myocardial cells. However, cTnI isn't elevated in second stage and the third stage. The elevated NT-proBNP level is a biomarker for predicting HF in severe HFMD. Evidence also showed that serum NT-proBNP was an effective biomarker to discriminate the second stage from the third stage of HFMD (P > .05). Timely and accurate confirmation of the stage of HFMD in patients is the critical step in reducing HFMD mortality.
Long et al [21] also reported that the levels of myocardial enzymes did not change significantly in patients with severe HEV71 infection, but the patients had a complicated cardiovascular failure. ECG detection was used to screen HF in the early stage of severe HFMD. ECG should be performed beside the bed. Although it is the gold standard for the clinical evaluation of HF, ECG is a complicated procedure. In contrast, the procedure of serological biomarker testing has several advantages: it is fast, simple, precise, and can be performed with large samples. The correlation analysis in this study showed that only the NTproBNP level was negatively correlated with LVEF (r = -0.95, P < .05). The NT-proBNP level is the critical marker to reflect the left ventricular systolic function and assess the HF levels. However, the levels of cTnI and CK-MB had no correlation with LVEF (P > .05). Therefore, the NT-proBNP level is a good biomarker to diagnose HF in HFMD. The NT-proBNP level is also a biomarker to diagnose acute HF in HFMD. Ogawa et al [22] reported that the levels were elevated only 1 hour after HF. Troponin in peripheral blood generally increases in 5 to 8 hours after injury, reaches the peak in 12 to 24 hours, and maintains a high level for 7 to 10 days. The NTproBNP levels elevated earlier than the levels of common biomarkers of myocardial injury. Therefore, the NT-proBNP level elevated in the peripheral blood, but the levels of cTnI and CK-MB did not elevate in the early stage of severe HFMD.
NT-proBNP levels could predict the severity of HFMD. The results of the ROC curve analysis of the third stage (the phase of early HF of HFMD) and the fourth stage (the phase of HF of HFMD) showed that children with HFMD had high risks of being complicated with HF or had already been complicated with HF when the serum NT-proBNP levels were greater than 400 pg/ mL or 1500 pg/mL, respectively. When the NT-proBNP level of children with HFMD was >5000 pg/mL, it indicated that the children had the risk of death. Some of the children died on the first day or the next day when they were admitted to the hospital. The survey showed that the median (P25 and P75) of serum NTproBNP level of 12 death cases was 5850 pg/mL (5030 and 14,660). However, the levels of a few children with severe HFMD were even elevated to >10,000 pg/mL but reverted to normal after the successful therapy. In addition, patients with severe HFMD show characteristics such as elevated body temperature, quickened pulse, reduced LVEF, and loaded ventricular volume or pressure. Therefore, cardiorespiratory failure is a major reason for death in children with severe HFMD. Deng et al [23] and Qiu et al [24] also reported similar results in children. The pathogenic mechanism of HF caused by HEV71 infection is unclear. Because HEV71 infection involves brainstem and autonomic nerve dysfunction, leading to a "sympathetic storm," excessive secretion of catecholamines (the hormones epinephrine and norepinephrine) significantly increases catecholamine concentration in the blood. [25] [26] [27] This may lead to increased blood flow to the heart and ventricular preload, resulting in increased NT-proBNP secretion and release. NT-proBNP promotes vasodilatation and natriuresis and inhibits ventricular remodeling. Finally, the activation of inflammatory pathways, particularly the release of cytokines, contributes to ventricular remodeling. [28] Moreover, neurogenic HF, pulmonary edema, and pneumorrhagia occur. Different treatment methods apply to different stages of HFMD in children. Antiviral treatment and strategies for cardiopulmonary function involvement are critical in therapy. Ribavirin is the priority antiviral drug for children with mild HFMD. However, the treatment of severe HFMD in children is the key. Liquid management and control of intracranial pressure via dehydration treatment should be adopted for children with severe neurologic involvement performance, and mannitol is used to control startle and jitter. For the third phase of children with HFMD, intravenous immunoglobulin is used to neutralize the virus and inhibit nonspecific inflammatory response. High-dose immunoglobulin (1 g/[kg·d]) can rapidly alleviate symptoms, shorten the course of the disease, prevent illness development, and reduce the incidence of severe complications. Endotracheal intubation and ventilator-assisted ventilation are considered for children with breathing rhythm changes in HFMD. Milrinone is the priority antiviral drug for treating heart failure. Sodium nitroprusside supplementation can be more effective in reducing the heart rate and blood pressure levels and increasing ejection fraction and left cardiac output. For critical children with HF, the blood purification technology is proposed to reduce inflammatory substances in the blood and the ECMO technique is used to improve ventilation if mechanical ventilation, vasoactive agents, and fluid therapy are all ineffective.
The clinical factors that influenced NT-proBNP levels were age, sex, renal function, obesity, and the assay methods used. [14] [15] [16] [17] [18] [19] In particular, obesity was known to elevate the NT-proBNP levels. The weight of children was ignored in the present study. Therefore, obesity should be stratified more carefully using body mass index. The second limitation of this study was that it comprised only 12 patients with HFMD who died. The third limitation of this study was the lack of international standard for a symptom-based HFMD grading system in children.
Conclusions
The detection of serum NT-proBNP levels is simple and rapid. The present study showed that NT-proBNP levels could reflect the severity of HFMD and discriminate the second stage from the third stage of HFMD effectively. Particularly, NT-proBNP is a useful biomarker to predict the early stage of severe HFMD in children with HF. It is also useful in risk stratification for children with HFMD. Different ages fit with different normal reference values of NT-proBNP in children. Detecting serum NT-proBNP levels in children with HFMD might contribute to early prevention and treatment of severe HFMD and reduce the fatality rate.
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